Pyrolysis offers a straightforward approach for the deconstruction of plant cell wall polymers into bio-oil. Recently, there has been substantial interest in bio-oil fractionation and subsequent use of biological approaches to selectively upgrade some of the resulting fractions. A fraction of particular interest for biological upgrading consists of polysaccharide-derived substrates including sugars and sugar dehydration products such as levoglucosan and cellobiosan, which are two of the most abundant pyrolysis products of cellulose. Levoglucosan can be converted to glucose-6-phosphate through the use of a levoglucosan kinase (LGK), but to date, the mechanism for cellobiosan utilization has not been demonstrated. Here, we engineer the microbe Pseudomonas putida KT2440 to use levoglucosan as a sole carbon and energy source through LGK integration. Moreover, we demonstrate that cellobiosan can be enzymatically converted to levoglucosan and glucose with β-glucosidase enzymes from both Glycoside Hydrolase Family 1 and Family 3. β-glucosidases are commonly used in both natural and industrial cellulase cocktails to convert cellobiose to glucose to relieve cellulase product inhibition and to facilitate microbial uptake of glucose. Using an exogenous β-glucosidase, we demonstrate that the engineered strain of P. putida can grow on levoglucosan up to 60 g/L and can also utilize cellobiosan. Overall, this study elucidates the biological pathway to co-utilize levoglucosan and cellobiosan, which will be a key transformation for the biological upgrading of pyrolysis-derived substrates.
Introduction
Thermal processes for biomass deconstruction, such as pyrolysis and liquefaction, offer rapid, effective methods for the depolymerization of plant cell wall components (Czernik and Bridgwater, 2004; Mohan et al., 2006; Yang et al., 2007; Laird et al., 2009) . These processes typically produce heterogeneous slates of compounds derived from polysaccharides and lignin that can potentially be upgraded simultaneously over chemical catalysts (Zhang et al., 2007; Mortensen et al., 2011; Xiu and Shahbazi, 2012; Wang et al., 2013) , integrated into petroleum refinery streams (Talmadge et al., 2014) , or fractionated through a wide variety of approaches and subsequently upgraded in a more selective manner to a broader slate of fuels and chemicals (Brown, 2005 (Brown, , 2007 Lian et al., 2010 Lian et al., , 2012 Jarboe et al., 2011) . Recently, there has been substantial emphasis placed on selective fractionation of pyrolysis-derived substrates (Lian et al., 2010; Pollard et al., 2012; Rover et al., 2014a Rover et al., , 2014b Liang et al., 2013; Gooty et al., 2014a Gooty et al., , 2014b and the use of biological approaches to selectively upgrade at least some of the resulting fractions. Biological approaches are particularly attractive, as metabolic engineering enables both the broadening of substrate specificity as well as the targeted production of single products of interest (Brown, 2005 (Brown, , 2007 Jarboe et al., 2011) . This general concept of combining thermal deconstruction with subsequent biological upgrading has been dubbed "hybrid processing" by Brown and co-workers (Brown, 2005 (Brown, , 2007 Jarboe et al., 2011) .
One particular pyrolysis fraction of interest for biological upgrading consists of polysaccharide-derived substrates. In typical fast pyrolysis schemes, levoglucosan and cellobiosan are the most abundantly produced dehydration products of cellulose (Patwardhan et al., 2011 (Patwardhan et al., , 2009 Bai and Brown, 2014; Bai et al., 2013) . Multiple tandem catalytic-biological schemes have been developed to fractionate levoglucosan-rich streams from bio-oil, hydrolyze it to glucose, and upgrade it to ethanol, for example (Lian et al., 2010; Shafizadeh and Stevenson, 1982; Helle et al., 2007; Bennett et al., 2009; Zhang, 2003a, 2003b; Chan and Duff, 2010 fractionation to separate phenolics from pyrolytic sugars, hydrolyze the levoglucosan to glucose, and then use a biological step to either produce ethanol or fatty acids (Lian et al., 2010) . Bennett et al. examined the optimal conditions to produce glucose from a levoglucosan-rich fraction of bio-oil, and noted a 216% yield of glucose, attributing the high yield to cellobiosan and other oligomeric forms of cellulose present in the bio-oil fraction (Bennett et al., 2009) .
These types of processes require an intermediate catalytic step to produce glucose, but another approach has been developed that enables biological upgrading directly from levoglucosan (Prosen et al., 1993; Lian et al., 2013; Layton et al., 2011) . Namely, levoglucosan can be converted to glucose-6-phosphate (G6P) through use of a levoglucosan kinase (LGK) (Layton et al., 2011; Zhuang and Zhang, 2002; Kitamura et al., 1991; Dai et al., 2009) , the structure of which was recently reported (Bacik et al., 2015) . Prosen et al. screened multiple fungi and yeasts on levoglucosanenriched substrates and demonstrated substantial growth but only after the removal of lignin-derived aromatics, suggesting that tolerance to lignin-derived aromatic compounds is a major issue in these streams (Prosen et al., 1993) . The observed growth was likely due to the presence of endogenous LGK enzymes (Kitamura et al., 1991) . The LGK enzyme present in Lipomyces starkeyi has been shown to be quite active for conversion of levoglucosan to G6P (Dai et al., 2009 ). Jarboe et al. subsequently engineered the L. starkeyi LGK gene into an ethanol-producing strain of Escherichia coli (KO11), and were able to obtain near-complete conversion of levoglucosan and produce ethanol. Similar to observations from Prosen et al. (1993) and other studies (Chan and Duff, 2010) , the authors note that substrate toxicity is likely to be a major factor for the feasibility of these biological approaches to upgrading pyrolytic sugar streams. Subsequently, Jarboe et al. conducted a detoxification study of pyrolytic sugars using an overliming method. The authors were able to demonstrate a nearly 10-fold improvement in ethanol production relative to no cleanup using the same engineered E. coli strain (Chi et al., 2013) .
Along with levoglucosan, significant amounts of cellobiosan often form during fast pyrolysis (Rover et al., 2014b; Bai and Brown, 2014; Helle et al., 2007; Chi et al., 2013; Choi et al., 2014; Radlein et al., 1987; Scott et al., 1997; Johnston and Brown, 2014; Tessini et al., 2011) . Radlein identified cellobiosan in 1987 as a major component of anhydrosugars after pyrolysis of Avicel (between 6% and 15% of the liquid product). To our knowledge, direct cellobiosan utilization has not been previously reported. However, to move towards a consolidated biological process for production of fuels or chemicals from pyrolytic sugar streams, it will be necessary to enable the biological utilization of these highly abundant molecules.
Here, we engineer a solvent-tolerant microbe, Pseudomonas putida KT2440, to utilize levoglucosan through the heterologous expression of the levoglucosan kinase from L. starkeyi. Furthermore, we demonstrate biological cellobiosan utilization using β-glucosidase-mediated hydrolysis of cellobiosan. Accordingly, our results provide a trajectory towards more complete biological utilization of pyrolytic sugar streams.
Materials and methods

Plasmid and strain construction
The lgk gene from L. starkeyi was codon optimized using Gene Designer software from DNA 2.0 and synthesized as a gBlock by Integrated DNA Technologies. The sequence of this codon optimized gene has been deposited at GenBank under the accession number KU377145. This fragment was cloned into plasmid pMFL76 which is derived from the commercial PCR-Blunt II Topo vector (ThermoFisher), with the addition of two 1-kb genomic regions located in proximity of the rpoS region of the genome from P. putida KT2440 to enable homologous recombination mediated genomic integration into strain KT2440. The Ptac-lgk was inserted in between these 1 kb homology regions and transformed into KT2440. A single kanamycin-resistant transformant was isolated and growth in M9 levoglucosan was confirmed, to generate strain FJPO3.
Media and growth conditions
Most growths were in a modified formulation of M9 minimal salts as described previously (Linger et al., 2014) . Briefly, 6.78 g Na 2 PO 4 (anhydrous), 3.0 g KH 2 PO 4 , and 0.50 g NaCl were dissolved in 750 mL deionized H 2 O. The pH was adjusted to 7.4 with 10 N NaOH and brought to 900 mL with H 2 O. The solution was autoclaved for 15 min at 121°C and allowed to cool. One hundred mL of 1 M CaCl 2 (100 mM final) and 2 mL of 1 M MgSO 4 -7H 2 O (2 mM final), 1 mL of 100 mM FeSO 4, (100 mM final) and 10 mL 1 M (NH 4 ) 2 SO 4 (10 mM final) was added. In the case of Fig. 1C , mM (NH 4 ) 2 SO 4 , was used to induce mcl-PHA production. All growths were performed at 30°C and in shake-flasks except during growth curve analysis (Section 2.3).
Growth curves and growth rate analysis
Growth curves were generated using a Bioscreen C automated microbiology growth curve analysis system from Growth Curves USA. Overnight cultures were diluted to 0.02 OD 600 in a total volume of 300 mL per well. Incubations were performed at 30°C with continuous shaking at maximum intensity and turbidity measurements (OD 420-580 ) were collected every 15 min for the duration of the experiments. Spectrophotometric blanks were subtracted from the measured values and each growth curve represents the average of three independent cultures. The maximum specific growth rate (m max ) was calculated as the maximum slope of the log phase of the growth curve over any given 4 hour period during the course of the experiment (Franden et al., 2009 ). In the case of the growths containing β-glucosidases, relevant cultures were spiked with twenty micrograms of ag1 (Agrobacterium sp. β-glucosidase, Megazyme) prior to inoculation in Bioscreen C Honeycomb plates. Plates were held at 40°C with shaking for 1 h immediately prior to inoculation.
Microscopic visualization of mcl-PHA production
One mL of saturated cultures were centrifuged at 5000xg for 5 min. The growth medium was removed via aspiration and the cell pellet was washed twice in phosphate-buffered saline (PBS), pH 7.4. Cells were suspended in 100 mL of PBS with 10 mg/mL Nile Red (Molecular Probes, ThermoFisher) and incubated for 15 min at room temperature in the dark. Cells were centrifuged, washed once in PBS and immobilized on microscope slides by mixing with 1% low-melting-temperature agarose in a 1:1 ratio. Images were acquired using a Nikon Eclipse 80i microscope. Nile Red fluorescence was detected between 560 and 590 nm using band-pass filtering.
High-performance liquid chromatography (HPLC)
Following the β-glucosidase reaction period, the tubes were placed on ice, filtered through a 0.2 mm filter and analyzed via High-Performance Liquid Chromatography (HPLC; Agilent 1100 series system (Agilent USA, Santa Clara, CA)) using a Shodex SP0810 carbohydrate column with de-ashing guard cartridges (BioRad Laboratories, Hercules, CA) run at 85°C with ultra-pure water as the isocratic mobile phase at a flow rate of 0.6 mL/min. A refractive index detector was used for compound detection. Byproducts were identified by co-elution at the same retention time with pure compounds. Standard curves for substrate (cellobiosan) and products (glucose and levoglucosan) were also generated in order to quantify results. Additionally, enzymes were analyzed via HPLC in buffer alone (without cellobiosan) to ensure no carry-over products inherent to the enzyme preparations.
2.6. β-glucosidase enzymes used in this study
(1) Aspergillus niger bgl1 (Glycoside Hydrolase Family 3) obtained from Megazyme (Cat number E-BGLUC, GenBank Accession number: AJ132386), (2) Phanaerochate chrysosporium bgl1A (Glycoside Hydrolase Family 3) obtained from Megazyme (Cat number E-BGOSPC, GenBank Accession number:AAC26489), (3) Thermotoga maritima bglA (Glycoside Hydrolase Family 1) obtained from Megazyme (Cat number E-BGOSTM, GenBank Accession number: CAA52276.1), (4) Agrobacterium sp. abg (Glycoside Hydrolase Family 1) obtained from Megazyme (Cat number E-BGOSAG, GenBank Accession number: AAA22085.1).
7-glucosidase mediated hydrolysis of cellobiosan
Each reaction was set up in 1.5 mL microcentrifuge tubes using cellobiosan at a concentration of 2 mg/mL in the manufacturers recommended buffers: 50 mM sodium maleate, pH 6.5 (T. maritima and Agrobacterium sp.), and 100 mM sodium acetate, pH 5.0 (P. chrysosporium and A. niger). In each reaction, 2.5-20 mg of enzyme was loaded and total reaction volume was 400 mL. A noenzyme reaction was run simultaneously to ensure cellobiosan cleavage was enzyme-dependent. Reactions were run at 40°C using a dry-block for 90 min. In a separate experiment evaluating the substrate concentration, 0.125 μM of purified A. niger β-glucosidase was incubated at 40°C in a 96-well microtiter plate with 0, 0.5, 1, 2, 4, 8, 16 or 32 mM cellobiose or cellobiosan. Reactions were initiated by the addition of enzyme and quenched by boiling in a thin walled PCR tube at 0.5, 1, 5 and 10 min. Following the reaction periods, the tubes were placed on ice, filtered through a 0.2 mm filter and analyzed via HPLC using a carbohydrate column. Standard curves were generated for the substrate (cellobiosan) and products (glucose and levoglucosan) to quantify results. Additionally, the enzymes were analyzed via HPLC in buffer alone (without the addition of cellobiosan) to ensure no carry-over products inherent to the enzyme preparations.
Results
Engineering levoglucosan utilization in P. putida KT2440
Levoglucosan kinase (LGK) from L. starkeyi was codon optimized and synthesized for expression using the strong and constitutively active hybrid Ptac promoter, shown previously to function in P. putida KT2440 (Bagdasarian et al., 1983; Johnson and Beckham, 2015) . P. putida KT2440 was transformed with a Ptac-lgk construct to generate strain FJPO3. Fig. 1A shows growth curves of FJPO3 in M9 medium supplemented with either 7.5 g/L glucose or 7.5 g/L levoglucosan. Growth profiles in these carbon sources at this concentration are quite similar, suggesting efficient utilization of levoglucosan in strain FJPO3. In addition, total levoglucosan utilization is similar to glucose utilization and FJPO3 has the capacity to grow at concentrations as high as 60 g/L (Fig. 1B) .
P. putida produces medium chain-length polyhydroxy-alkanoates (mcl-PHAs), which are high-value polymers that can serve as plastics, adhesive precursors, and as precursors to chemical building blocks or hydrocarbons (Linger et al., 2014; Chen, 2009 ). As mcl-PHAs represent a potential target to generate from pyrolytic sugars, we wanted to ensure that P. putida would generate mcl-PHAs using levoglucosan as its sole carbon source. Using Nile Red fluorescence, it is qualitatively clear that FJPO3 produces mcl-PHAs in N-limited medium [M9 1 mM (NH 4 ) 2 SO 4 ] containing levoglucosan as a sole carbon source, but not in the N-and C-rich LB medium (Fig. 1C) .
Cellobiosan is cleaved by β-glucosidases to levoglucosan and glucose
The mechanism of biological turnover of cellobiosan has not been reported previously to our knowledge. A potential mechanism for catabolism of cellobiosan is cleavage of the β-1,4-glycosidic bond connecting the levoglucosan and glucose moieties. In nature, β-glucosidases (from Glycoside Hydrolase Families 1 and 3, GH1 and GH3, respectively) cleave cellobiose to liberate two glucose molecules, and indeed, this mechanism is of paramount importance for overcoming product inhibition during enzymatic depolymerization of cellulose by cellulases (Chundawat et al., 2011; Payne et al., 2015) . Given the similarity of cellobiose and cellobiosan, we hypothesized that β-glucosidases may be able to cleave the glycosidic bond in cellobiosan in a similar fashion (Fig. 2A) . To test this hypothesis, we first tested the activity of four β-glucosidases against cellobiosan.
The chosen enzymes comprise two representatives each from GH Families 1 and 3 as well as two fungal and two bacterial enzymes: Aspergillus niger bgl1 (GH Family 3), Phanaerochate chrysosporium bgl1A (GH Family 3), Thermotoga maritima bglA (GH Family 1), and Agrobacterium sp. abg (GH Family 1). We obtained highly purified forms of these four β-glucosidases from Megazyme and performed in vitro assays using HPLC to monitor cellobiosan disappearance and to identify the products. As shown in Fig. 2B , all four β-glucosidases are able to cleave cellobiosan to generate glucose and levoglucosan. Four different enzyme loadings are shown for each enzyme.
HPLC analysis shows the disappearance of cellobiosan and the appearance of glucose and levoglucosan with the addition of betaglucosidase enzymes to the reaction.
The results of this assay show unequivocally that β-glucosidases are capable of hydrolyzing the β-1,4-glycosidic bond in cellobiosan to liberate glucose and levoglucosan as products. Additionally, it suggests that this activity is conserved from β-glucosidases derived from multiple GH families (GH1 and GH3), and from both prokaryotic (Agrobacterium sp. and T. maritima) and eukaryotic organisms (P. chrysosporium and A. niger), and from mesophilic (A. niger and Agrobacterium sp.), thermophilic (P chrysosporium), and hyperthermophilic organisms (T. maritima). Importantly, the data in Fig. 2 were generated at a single temperature (40°C); we note that this is not the optimum temperature reported by Megazyme for all enzymes tested. Accordingly, conclusions about the relative differences β-glucosidase efficacy on cellobiosan are only relevant at the conditions tested. When we evaluated the ability of A. niger β-glucosidase to hydrolyze increasing concentrations of cellobiosan or cellobiose, in both cases we found that the percent conversion decreased as substrate concentration increased. This is expected from cellobiose, which is known to cause substrate and product inhibition (Teugjas and Valjamae, 2013) ; however, the inhibition was more dramatic with cellobiosan (Fig. 3) . Both reactions showed no further conversion after the first minute (data not shown), ruling out the possibility that slower reaction kinetics cause this decrease in conversion after 10 min. It is not clear whether this inhibition is due to the increase in levoglucosan as cellobiosan is cleaved or substrate inhibition caused by cellobiosan itself.
Addition of a β-glucosidase enables growth of P. putida-LGK on cellobiosan
To demonstrate the ability of P. putida strain FJPO3 to grow using cellobiosan as its sole carbon source, we performed growths using various carbon sources with and without the addition of the Agrobacterium sp. abg β-glucosidase (Fig. 4) . Growth profiles of KT2440 and FJPO3 are virtually indistinguishable in M9 medium containing cellobiose with the addition of abg suggesting equivalent glucose usage between the strains (Fig. 4A) . Conversely, in the cellobiosan plus abg conditions, it is clear that while both FJPO3 and KT2440 are capable of utilizing the glucose component of cellobiosan, FJPO3 continues growth after KT2440's growth ceases, albeit at a reduced rate. Importantly, we observed no growth of either strain in either cellobiose or cellobiosan without the addition of abg. For clarity, these data are not depicted on the growth curves of Fig. 4A . The maximum specific growth rates (μ max ) for all conditions are shown in Fig. 4B . Fig. 4B additionally depicts the max growth rate in M9 media containing levoglucosan and glucose as the sole carbon source.
Discussion and conclusions
Developing biocatalysts that span the breadth of molecules present in thermochemical-derived substrates and in parallel developing detoxification strategies is of critical importance to the viability of hybrid processing (Brown, 2005 (Brown, , 2007 Lian et al., 2010 Lian et al., , 2012 Lian et al., , 2013 Jarboe et al., 2011; Liang et al., 2013; Layton et al., 2011; Chi et al., 2013) . To that end, we demonstrated that the addition of β-glucosidase in an LGK strain of P. putida KT2440 enables complete utilization of cellobiosan via hydrolytic cleavage of the glycosidic linkage, liberating glucose and levoglucosan. Given the range of enzymes tested, we anticipate that many β-glucosidases will exhibit the same activity on cellobiosan. This finding will enable understanding, implementing, and manipulating cellobiosan utilization in any number of microbial organisms. β-glucosidases can be added exogenously or could be expressed and secreted directly from the microbial biocatalyst.
Going forward, P. putida KT2440 is a promising strain for hybrid processing applications given its inherent ability to tolerate toxic environments, the ability to rapidly engineer the microbe, and its ability to utilize a large number of lignin-derived aromatic compounds (Nikel et al., 2014; Jiménez et al., 2002; Poblete-Castro et al., 2012) . Strains of P. putida have been engineered to catabolize a broad range of substrates including xylose (Meijnen et al., 2008) , phenol , and now levoglucosan, among others. The hybrid processing concept from thermochemical deconstruction of biomass is closely mirrored by work from our group in biological funneling of lignin-derived streams using P. putida KT2440 and other microbes (Linger et al., 2014; Johnson and Beckham, 2015; Vardon et al., 2015; Salvachúa et al., 2015) . Ligninderived streams also contain a significant amount of heterogeneous substrates and are also quite toxic. P. putida, alongside other microbes such as Rhodococcus jostii RHA1, Acinetobacter sp. ADP1, and Amycolatopsis sp., are quite tolerant to lignin-derived streams and are able to catabolize a broad range of substrates, thus potentially offering good starting candidates for the biological component of hybrid processing.
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